The Cavity and Pore Helices in the KcsA K The electrostatic influence of the central cavity and pore alpha helices in the potassium ion channel from Streptomyces lividans (KcsA K ϩ channel) was analyzed by solving the finite difference Poisson equation. The cavity and helices overcome the destabilizing influence of the membrane and stabilize a cation at the membrane center. The electrostatic effect of the pore helices is large compared to that described for water-soluble proteins because of the low dielectric membrane environment. The combined contributions of the ion selfenergy and the helix electrostatic field give rise to selectivity for monovalent cations in the water-filled cavity. Thus, the K ϩ channel uses simple electrostatic principles to solve the fundamental problem of ion destabilization by the cell membrane lipid bilayer.
The cell membrane presents a large energy barrier to ion permeation. Known as the dielectric barrier, this impediment to ion passage is a fundamental property of the low electrical polarizability of the membrane hydrocarbon (1) . The structure determination of the KcsA K ϩ channel shows two unexpected features of its ion conduction pore (2) . First, at the level of the bilayer center, the pore forms a cavity large enough to contain around 50 water molecules (ϳ5 Å radius), and second, four ␣ helices (pore helices) point their COOH-termini at the cavity center (Fig. 1) . It has been proposed that the water-filled cavity and oriented pore helices are the structural basis by which the K ϩ channel overcomes the dielectric barrier (2). The K ϩ channel not only lowers the dielectric barrier, but it stabilizes a cation near the bilayer center. This conclusion is based on difference Fourier analysis of ion-substituted crystals. When K ϩ was substituted with the more electron-dense Rb ϩ , resulting difference maps showed a positive peak at the cavity center ( Fig.  1; red mesh) . Further, if the less electron-dense Na ϩ is used to substitute K ϩ , a negative peak is observed ( Fig. 1; green mesh) . We thus conclude that the cavity is occupied by a cation. In the present theoretical analysis, we investigated whether the cavity and pore helices are sufficient to overcome the dielectric barrier and account for the presence of a cation at the bilayer center.
The electrostatic stabilization of an ion by a water-filled cavity at the membrane center can be understood through a calculation based on the Born theory of solvation (3). The free energy for transferring an ion from bulk water into a cavity of radius R and dielectric constant w embedded in a medium of low dielectric constant m is given by
This equation yields a value of 16.2 kcal/mol for the transfer of K ϩ from aqueous solution to a 5 Å (radius) water-filled sphere ( w ϭ 80) surrounded by hydrocarbons ( m ϭ 2). Transferring the ion from water directly into hydrocarbon (no cavity) would have an energetic cost of more than 60 kcal/mol, and so the cavity will stabilize the ion by more than 40 kcal/mol.
The remaining 16.2 kcal/mol still represents a large energy barrier that precludes the presence of an ion in the cavity. Can the pore helices account for the additional stabilization through the electrostatic field that they impose on their environment (2, 4)? According to accepted principles, there are two arguments against this idea. First, the nearest carbonyl oxygen at the COOH-terminus of the helices (Thr 74 ) is 8 Å from the cavity center, whereas electrostatic effects due to ␣ helices are thought to be very small and short range (5) . Second, the cavity contains about 50 water molecules that would be expected to shield the electric field of the ␣ helix. An ␣ helix in water barely interacts (ϳ-0.14 kcal/ mol) with a monovalent cation located 8 Å from its COOH-terminus.
To address the basis of ion stabilization at the center of the KcsA K ϩ channel, it is necessary to account for the dielectric shielding in the complex membrane environment. We calculated the electrostatic free energy of a K ϩ ion in the center of the cavity, using a macroscopic continuum model of the environment surrounding the KcsA K ϩ channel protein. The channel was represented in full atomic detail with all explicit partial charges, whereas the membrane was assigned a dielectric constant of 2 and the water, including the pore and cavity, was assigned a value of 80 (6).
To assess the importance of induced electronic polarization and small amplitude librational atomic fluctuations, we carried out the calculation with the internal dielectric constant of the protein ranging between 1 and 5. A dielectric constant of 1 for the interior of the protein provides a direct correspondence with the force field in which the atomic partial charges are present explicitly; values of 2 to 5 examine the importance of induced electronic polarization and small-amplitude librational atomic fluctuations (7) .
To first assess the influence of the irregular shape of the protein and the presence of the membrane interface, we calculated the free energy of transfer of one K ϩ ion into the center of the cavity while all the charges in the system were turned off (Fig. 2, circles) . This calculation yielded the charging free energy contribution arising from the interaction of the ion with its own reaction field (the self-energy), a quantity corresponding conceptually to a Born charging energy, as given in Eq. 1, but taking into account the detailed molecular shape of the membrane channel system. Because of the uncertainty of the protein dielectric constant, the calculation was carried out for values from 1 to 5. For a protein dielectric constant of 2, the calculated free energy of transfer is 6.3 kcal/ mol. This energy is smaller than predicted by Eq. 1 (16.2 kcal/mol) because the true shape of the cavity is not a sphere and because the bulk water interfaces are not infinitely far away. The square symbols (Fig. 2) show the much larger energies that would result if the cavity were absent (that is, if it were filled with weakly polar material of dielectric constant ϭ 2), emphasizing the energetic stabilization brought about by the presence of the water-filled cavity.
We then restricted the calculations to the case where the protein dielectric constant is set at a value of 2, although further calculations have shown that the conclusions reached are not affected qualitatively by this choice. To assess individual contributions to ion stabilization in the cavity, we calculated the free energy of ion transfer while turning on various charges in the system. The presence of two K ϩ ions in the selectivity filter increases the transfer energy of an ion (from water to the cavity) from 6.3 kcal/mol to 16.3 kcal/mol as a result of ion repulsion (Table 1) . However, the transfer energy drops to -8.5 kcal/mol when all the atomic charges of the protein are turned on (in the presence of the selectivity filter ions). Eighty percent of the stabilization by the protein results from the pore helices, consisting of only 13 amino acids per subunit, and therefore their precise orientation with respect to the cavity center is crucial. The remaining stabilization due to the protein results mainly from the carbonyl of Thr
75
. Although the carbonyl (one from each subunit) is involved in the coordination of one K ϩ ion in the selectivity filter, it is roughly 8 Å from the cavity center and contributes about -5 kcal/mol.
The origin of the electrostatic stabilization due to the pore helix is shown in Fig. 3 . If one imagines building the helix starting at its COOH-terminal extent and working backward one residue at a time, most of its effect results from the amide-carbonyl dipoles of the first five amino acids. However, residues even further away contribute to some extent (circles). Why-in contrast to conclusions reached on the basis of studies of watersoluble proteins-do the pore helices have such a large electrostatic effect? Because electric fields are less shielded in the low dielectric membrane environment. This can be seen by setting the membrane dielectric constant to a value of 80 as if the channel were a soluble protein: In this case, all the energies are attenuated (Table 1) . Thus, the low dielectric membrane environment con- Fig. 1 . Picture of the KcsA K ϩ channel structure showing the main-chain trace from two subunits (cyan) and the pore helices from all four subunits (white cylinders). The pore helices are directed with their COOH-terminus pointed at the membrane center where a water-filled cavity is located. The extracellular and intracellular sides of the channel are on the top and bottom, respectively. Positive electron density is present at the cavity center on difference Fourier maps when K ϩ in the native crystal is substituted with Rb ϩ (red mesh). A negative peak in the cavity is observed when less electron-dense Na ϩ is the replacement ion (green mesh; superposition of red and green gives yellow). The difference maps were calculated using Fourier coefficients F(soak) -F(native) and multiple isomorphous replacement, solvent-flattened, averaged phases and contoured at 7.0 (root mean square deviation) and -6.0 for the Rb ϩ and Na ϩ difference maps, respectively (13).
Fig. 2. Born free energy of K
ϩ ion transfer from bulk water to the center of the cavity in the KcsA K ϩ channel. Full finite difference Poisson calculation for the KcsA K ϩ channel with the dielectric constant of bulk water assigned for the interior of the cavity (circles) or when the cavity is assigned the same dielectric constant as the remainder of the protein (squares). Energy is plotted as a function of protein dielectric constant for values from 1 to 5. All charges other than the K ϩ in the center of the cavity are turned off. Table 1 . Calculated free energy (in kilocalories per mole) for the transfer of a single K ϩ ion from bulk water to the cavity center is shown for a variety of conditions. K ϩ 1 refers to the ion being transferred into the cavity, whereas K tributes significantly to amplifying the magnitude of cation stabilization by the pore helices. Our calculations were made using a value of 25 Å for the membrane thickness. The relative stabilization conferred by the pore helices would increase even further in the case of a thicker membrane. The water-filled cavity does not completely shield the field of the pore helix. By comparing the helix effect on the ion transfer energy in the case of the channel (Fig. 3,  circles) versus a uniform dielectric constant of 2 (squares), we see that the water outside the membrane and in the cavity adds an offset to the energy curve. However, the remaining effect due to the helix is still large compared to the case of a uniform dielectric of 80 (triangles). The "energy well" produced by the combination of the water-filled cavity and pore helices is quite uniform over much of the axial length of the cavity. That is, the energy for transferring a K ϩ ion from water to different locations along the pore axis between -4 Å and 4 Å, relative to zero at the cavity center, is similar. In contrast, only off-axis lateral displacements on the order of 2 Å are energetically allowed. This suggests that, despite the stabilizing electrostatic energy, the structure of the K ϩ channel is designed to keep the ion focused in the center of the cavity without preventing rapid transport.
Electrostatic stabilization of an ion can be decomposed into reaction field and static field contributions. The general solution for the electrostatic Gibbs free energy for transferring an ion of charge Q into an inhomogeneous medium with dielectric boundaries and static charges may be expressed as
where A is the reaction field term, B is the static field term, and C is a constant term due to the influence of the dielectric constant of the ion on the protein charges (C is negligibly small). The reaction field is always destabilizing, whereas the static field is cation-attractive because of the pore helices. Our calculations allow us to evaluate the constants A ϭ 12.5, B ϭ -14.9, and C ϭ 0.1. In the case of a divalent cation (Q ϭ 2) the transfer free energy is -4.6 kcal/mol, significantly less favorable than for a monovalent cation. The optimal charge for which the transfer is most favorable is -B/A ϭ ϩ1.2 unit charge. Thus, the KcsA K ϩ channel is tuned to preferably stabilize a monovalent cation at the center of the membrane. The biological utility of such tuning is evident. The K ϩ selectivity filter is located at the extracellular third of the pore, and therefore, cations other than K ϩ should be able to enter from the cytoplasm, penetrate two-thirds of the way across the membrane, and clog the pore at the selectivity filter. The valence selectivity of the cavity will favor monovalent cations over intracellular polyvalent cations such as Mg 2ϩ and polyamines. The abundance of K ϩ compared to Na ϩ inside the cell will ensure that the monovalent cation in the cavity is predominantly K ϩ . One class of K ϩ channels, known as inward rectifiers, is susceptible to blocking by cytoplasmic polyvalent cations; consequently, when the electrochemical driving force for K ϩ favors flow outward across the cell membrane, the pore of these channels becomes occluded. This property is central to the operation of inwardrectifier K ϩ channels. It turns out that these K ϩ channels have a polar residue (Asn or Asp) at the position of an amino acid that lines the wall of the cavity (8) . In other words, the inwardrectifier K ϩ channels have a modified static field-they are tuned for multivalent cations. Likewise, we anticipate that Ca 2ϩ channels will have pores that are related architecturally to K ϩ channels and wait to see if they will be electrostatically optimized to stabilize a Ca 2ϩ ion in the membrane center, beneath their selectivity filter.
A complete description of ion conduction and selectivity in a K ϩ channel, a multi-ion pore, will require a detailed account of ion-ion and ion-protein energetics and dynamics. It has been long recognized that a primary role of any ion channel is to overcome the dielectric barrier presented by the cell membrane (1) . We show that the KcsA K ϩ channel makes use of simple electrostatic principles to overcome the barrier, and anticipate that these principles will apply to other biological transport systems. Our conclusions are summarized as follows: (i) A waterfilled cavity at the center of the membrane contributes significantly to the stabilization of ions. (ii) A static field attributed largely to specifically oriented ␣ helices stabilizes a positive ion. (iii) The electrostatic effect of the helices is large compared to that described for water-soluble proteins because of the low dielectric membrane environment. (iv) The ion is focused along the pore axis, but the "energy well" is broad. These properties favor a high ion throughput. (v) The combined contributions of the reaction and static fields result in monovalent cation selectivity. ) corresponds to the full finite difference Poisson calculation (circles). The result for a simple coulomb law calculation, assuming a uniform dielectric constant of ϭ 2 (squares) and ϭ 80 (triangles), is shown for comparison.
